Hybrid cork-polymer composites containing sisal fibre : morphology, effect of the fibre treatment on the mechanical properties and tensile failure prediction by Fernandes, E. M. et al.
Composite Structures 105 (2013) 153–162Contents lists available at SciVerse ScienceDirect
Composite Structures
journal homepage: www.elsevier .com/locate /compstructHybrid cork–polymer composites containing sisal ﬁbre: Morphology,
effect of the ﬁbre treatment on the mechanical properties and tensile
failure prediction0263-8223/$ - see front matter  2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.compstruct.2013.05.012
Abbreviations: a, scale parameter or denotes signiﬁcance level; b, shape
parameter; l, mean; r, variance; Acryst, crystalline area; Atotal, total area; ATR,
attenuated total reﬂectance; CNC, computer numerical control; CO2, carbon
dioxide; % Cr, crystallinity percentage; CPCs, cork–polymer composites; CV, critical
value (a0); Dn, maximum deviation; Dnc, critical value from K–S test table; F0,
Weibull cumulative distribution function; Fn, cumulative observed values; F(x),
probability of failure; FTIR, Fourier transform infrared spectroscopy; HDPE, high
density polyethylene; L, span; L/D, extruder length-to-diameter ratio; K–S,
Kolmogorov–Smirnov; MA, maleic anhydride; n, denotes sample size or number
of measurements; NaOH, sodium hydroxide; p, denotes probability; PE, polyeth-
ylene; PE-g-MA, polyethylene-graft-maleic anhydride; PP, polypropylene; x,
applied stress (strength); SEM, scanning electron microscope; WAXRD, wide-angle
X-ray diffraction.
⇑ Corresponding author at: 3B’s Research Group – Biomaterials, Biodegradables
and Biomimetics, University of Minho, Headquarters of the European Institute of
Excellence on Tissue Engineering and Regenerative Medicine, AvePark, 4806-909
Taipas, Guimarães, Portugal. Tel.: +351 253 510900; fax: +351 253 510909.
E-mail address: efernandes@dep.uminho.pt (E.M. Fernandes).Emanuel M. Fernandes ⇑, João F. Mano, Rui L. Reis
3B’s Research Group – Biomaterials, Biodegradables and Biomimetics, University of Minho, Headquarters of the European Institute of Excellence on Tissue Engineering
and Regenerative Medicine, AvePark, 4806-909 Taipas, Guimarães, Portugal
ICVS/3B’s – PT Government Associate Laboratory, Braga/Guimarães, Portugal
a r t i c l e i n f o a b s t r a c tArticle history:
Available online 23 May 2013
Keywords:
Polymer–matrix composites (PMCs)
Hybrid composites
Extrusion
Mechanical behaviour
Fibre reinforced plastic
CorkIn this study, we investigated the use of short sisal ﬁbre with and without polyethylene-graft-maleic
anhydride (PE-g-MA) as a strategy to reinforce cork–polymer composite (CPC) materials. The use of alkali
treatment of sisal to improve ﬁbre–matrix adhesion was evaluated. High density polyethylene (HDPE)
was used as matrix and the composites were produced in a two-step process using twin-screw extruder
followed by compression moulding. FTIR, TGA and XRD were used to conﬁrm the sisal ﬁbre modiﬁcation.
Additionally, morphology, density, diameter and tensile properties of the ﬁbres were evaluated before
processing. The hybrid composites containing cork powder (40 wt.%) and randomly distributed sisal
ﬁbres were evaluated in terms of morphology and mechanical properties. The use of a 10 wt.% sisal ﬁbre
in the presence of a 2 wt.% coupling agent based on maleic anhydride, has shown to improve the tensile
and ﬂexural properties of the composites. The higher mechanical properties were achieved by using alkali
treated sisal ﬁbres and PE-g-MA. In the presence of the coupling agent the composite morphology
revealed good interfacial adhesion between the natural components and the polypropylene matrix, being
in accordance with the mechanical results. Weibull cumulative distribution was successfully used to
accurately predict the tensile strength failure of the hybrid CPC materials.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
In the last years, natural ﬁbres reinforced composites have re-
ceived high attention due to their low density, excellent thermal
properties, low cost, biodegradability, availability, non-toxicityand absorbing CO2 during their growth [1–4]. Although, certain
drawbacks, like incompatibility with the hydrophobic polymer
matrix, the tendency to form aggregates during processing and
the low resistance to moisture, reduce the potential of using natu-
ral ﬁbres as reinforcement in polymers [2,3,5]. The incompatibility
may cause problems in the composite processing and in the mate-
rial´s properties. The highly polar character of natural ﬁbres have
inherently low compatibility with nonpolar polymer matrices,
especially hydrocarbon matrices such as polypropylene (PP) and
polyethylene (PE) [5]. As a result, the polymer matrix is unable
to transfer the stress to the ﬁller through the interface when sub-
mitted to mechanical load, being the reinforcement efﬁciency re-
duced. Moreover moisture makes the use of natural ﬁbre
reinforced composites less attractive. Applying pre-treatments to
the natural ﬁbres can clean and chemically modify their surface,
reduce the moisture absorption and increase surface roughness.
These methods are able to ameliorate the ﬁbre–matrix adhesion
with a positive effect on the mechanical properties [4,6–9]. A clas-
sic method of cellulose ﬁbre modiﬁcation is mercerization, which
is an alkali treatment where the natural and artiﬁcial impurities
are removed, leading to ﬁbrillation of the ﬁbre bundle to smaller
154 E.M. Fernandes et al. / Composite Structures 105 (2013) 153–162ﬁbres [6,10,11], meaning lower ﬁbre diameter and increasing the
aspect ratio [10]. The proper conditions of mercerization ensure
the improvement of the tensile properties [3,11,12]. Cork is the
bark of the oak (Quercus suber L.) which is periodically harvested
each 9–12 years [13]. This lignocellulosic material holds environ-
mental beneﬁts to be applied on a new generation of composite
materials [14–16]. Just a few studies were performed to improve
the cork–matrix performance of cork based composites using dif-
ferent strategies, including: (i) chemical modiﬁcation of cork
[15], (ii) the use of coupling agents [15,17] to promote cork–matrix
bonding and (iii) the use of different natural or synthetic ﬁbres to
reinforce cork–polymer matrices [18–20]. The incorporation of dif-
ferent types of ﬁbres into a single matrix has led to the develop-
ment of hybrid composites. Hybrid composite materials that
contain two or more types of ﬁbre combine the advantages of
one type of ﬁbres with the lacking of properties in the other. As a
consequence, a balance in cost and performance could be achieved
through proper material design [21]. The properties of a hybrid
composite depend on parameters such as ﬁbre content, length
and orientation of the ﬁbres, ﬁbre to matrix bonding and arrange-
ment of the different ﬁbres. The strength of the hybrid composite is
also dependent on the failure strain of individual ﬁbres. Maximum
mechanical performance results are obtained when the ﬁbres are
highly strain compatible [22]. Sisal ﬁbre is a cellulosic ﬁbre ob-
tained from leaves of an annually harvasted plant, called Agave
sisalina and is one of the strongest of all plant ﬁbres [8,23].
The aim of this work was to develop strategies to reinforce cork
based composites with natural ﬁbres, with and without chemical
treatment, in the presence of low amounts of the coupling agent
to ameliorate the mechanical properties. The production of hybrid
composites was tested to obtain a composite with enhanced per-
formance that could be used in complex geometries without fail-
ure, where cork cannot compete alone. Additionally one and two
step extrusion processes were tested to evaluate the correct form
to obtain the hybrid cork–polymer pellets reinforced with sisal ﬁ-
bres, to be applied in the compression moulding process in order to
produce specimens of reinforced cork composites. The properties
of the composites depend on the individual components and ﬁ-
bre–matrix interfacial compatibility. The Weibull distribution pro-
vides a reliable possibility to predict the tensile strength of a
needed composite material, and this should be taken into account
by the designer [24,25]. Therefore, in this work we also consider
the Weibull distribution to be a viable tool to predict the tensile
strength failure of the novel hybrid composites under analysis.
2. Materials and methods
2.1. Materials
Cork powder, with an average particle size <500 lm a speciﬁc
weight of 157 ± 2 kg m3 and a humidity of 5.4% was supplied
by Amorim Revestimentos S.A. (S. Paio Oleiros, Portugal). The sisal
ﬁbre from Madagascar, presents a diameter of 183 ± 35 lm and
moisture of 11.3%. The chemical composition of the used bioﬁ-
bres is present in Table 1 [7,13,26,27]. The matrix was a high den-
sity polyethylene, HDPE (HMA – 025) from ExxonMobil (Germany),
with a MFI of 8.2 g  10 min1 (190 C, 2.16 kg), and a melting
point of 136.6 C. The coupling agent, a HDPE grafted with maleicTable 1
Chemical constituents of selected composite reinforcements (wt.%).
Chemical composition Cellulose Hemicellulose Lignin
Cork 12–13 12 21
Sisal 67–74 10–14 8–11anhydride (PE-g-MA), containing 0.5–1.0 wt.% of maleic anhydride
(Exxelor PE 1040) with MFI of 1.4 g  10 min1 (190 C, 2.16 kg),
and a melting point of 131.3 C, produced by ExxonMobil (Ger-
many). The polymer and the coupling agent were supplied by Pall-
mann Maschinenfabrik GmbH & Co. (Germany) after use a
pulverizing system for plastics with particle size of 250 lm to
1.2 mm.
2.2. Sisal ﬁbre surface modiﬁcation – alkali treatment
The preparation of alkali treated sisal (Sisal_NaOH) was as fol-
lows [28]: the sisal ﬁbres were immersed in sodium hydroxide
(NaOH) solution (5% w/v) for 2 h at room temperature. After that
the ﬁbres were washed with distilled water containing a few drops
of acetic acid. Final washings were carried out with distilled water
until neutrality (pH = 7), to remove the excess of NaOH present on
the ﬁbres, until this water no longer indicated any alkalinity reac-
tion. Then, the ﬁbres were air-dried at room temperature, followed
by drying in a vacuum oven at 70 C and after stabilise was stored
in polyethylene bags.
2.3. Composite production
Before compounding all raw materials were pre-dried at 80 C
during 16 h to stabilise the cork and the sisal ﬁbres in terms of
moisture content. After that the sisal ﬁbres were cut in dimensions
<20 mm. The prepared compositions and processing conditions are
summarized in Table 2. The compounding was performed in a
counter-rotating twin-screw extrusion machine (Carvex, Portugal)
which had a screw diameter of 52 mm and an L/D ratio of 18. The
barrel temperature was in the range 130–160 C, and the screw
speed was ﬁxed at 30 rpm. The cork powder and the grinding HDPE
were pre-mixed and manually in small portions and feed in the
hopper system with the sisal ﬁbres. No extrusion head was used
in order to minimize the residence time and shear heat dissipation.
The extruded material was cooled in air, granulated in a cutting
mill to produce hybrid composite pellets with dimensions
66 mm. In a further step, compression moulding of the obtained
pellets using a hydraulic press (Moore, UK) was applied to produce
boards with 3 mm and 6 mm of thickness for tensile and ﬂexural
tests respectively. The mould conditions included temperature of
150 C during 8 min and a pressure of 1.42 MPa was applied during
the last 2 min. In the case of boards with thickness of 6 mm the
temperature was increased to 160 C. The cooling with water oc-
curs in the mould under pressure [19]. Tensile and ﬂexural speci-
mens were obtained from these boards (see Fig. 1), using a
computer numerical control CNC machine (Roland 3D Plotter
MDX-20, UK).
2.4. Fibre characterization
2.4.1. Chemical characterization
To conﬁrm the chemical treatment, the ﬁbres were analysed
using Fourier transform infrared (FTIR) spectroscopy. All the spec-
tra were acquired using a Shimadzu IR-Prestige 21. The attenuated
total reﬂectance (ATR) methodology (PIKE Technologies) was used
and the spectra were acquired between 4400 cm1 and 800 cm1
using a resolution of 4 cm1.Suberin Extractives Ash Literature reference
42–45 13–19 1.2 [13,27]
– 2–6 1.0 [7,26]
Table 2
Designation and processing conditions of the hybrid composite formulations based on polyethylene–cork (60–40) wt.%.
Code HDPE (wt.%) Cork (wt.%) Sisal ﬁbre (wt.%) Coupling agent (wt.%) Extrusion conditions
Temperature proﬁle (C) Motor (rpm)
CPC 1 60.0 40.0 – – 130; 145; 150 30
CPC 2 58.8 39.2 – 2 130; 145; 150 30
CPC 3 54.0 36.0 10 – 135; 150; 155 30
aCPC 4 54.0 36.0 10 – 135; 150; 155 30
CPC 5 52.8 35.2 10 2 135; 150; 155 30
CPC 6 52.8 35.2 10b 2 135; 150; 155 30
a Pellets from CPC1 with 10 wt.% of sisal ﬁbre (two extrusion steps).
b Sisal ﬁbre modiﬁed with NaOH.
Fig. 1. Scheme of the process to obtain the composites and geometry of the
specimens used in the tensile and ﬂexural tests.
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To detect the crystalline structure of cellulose in sisal, wide-an-
gle X-ray diffraction (WAXRD) diffractograms were recorded using
the Bruker-AXS D8 Discover diffractometer in h–2h geometry using
Cu Ka 1,2 lines collimated with a Gobël mirror, a divergent slit of
0.6 mm, a detector slit of 1 mm and 0.6 mm and a Ni ﬁlter. The data
was collected from 6–50 with a step size of 0.04 and an acquisi-
tion time of 1 sec per step. The percentage of crystallinity (%Cr),
performed using a ﬁtting program, was calculated based on:
%Cr ¼ ðAcryst=AtotalÞ  100 ð1Þ
where Acryst is the area below the diffraction peak of the (002)
plane, peak at 2h = 22.5, and from the (101) and (10 1) plane, peak
at (13–18), and Atotal is the area below the whole region in the XRD
spectra representing the amorphous material in the cellulosic
ﬁbres.
2.4.3. Fibre diameter and density
The diameter measurements of sisal ﬁbres with and without
chemical treatment were made in ﬁve spaced locations along the
gauge length of each specimen using an optical microscope Olym-
pus BH-2 (Tokyo, Japan) equipped with an Olympus DP11, (Japan)
digital camera. A histogram for each type of sisal ﬁbre was per-
formed and a normal distribution to characterize and compare
the properties of the ﬁbre with and without chemical treatment.
The density of the sisal ﬁbres was determined according to the
standard ASTM D 792, using an analytical balance equipped with
a stationary support for the immersion vessel. Five ﬁbres were
weighted per condition.
2.4.4. Thermal degradation
Thermogravimetric analyses (TGA) were performed to under-
stand the degradation characteristics of the sisal ﬁbres and conﬁrm
the chemical modiﬁcation. The thermal stability was determined
using a TGA Q500 series thermogravimetric analyser (TA Instru-
ments, USA). Experiments were performed in platinum pans, at aheating rate of 10 C min1 from 50 C to 600 C under nitrogen
atmosphere. All tests were repeated once.
2.4.5. Mechanical properties of sisal ﬁbres
Single ﬁbre tensile tests were measured with a Instron 4505
Universal Machine (USA) using a 1 kN load cell, a crosshead speed
of 1 mmmin1, and a ﬁbre gauge length of 30 mm. Prior to testing,
ﬁbres were mounted on sturdy paper frames using a high-strength
hot melt glue and placed in a desiccators for a minimum period of
48 h. The tensile properties of the single sisal ﬁbres were deter-
mined according to the standard ASTM C 1557.
2.5. Morphology of the ﬁbres and the composites
The morphological characterization of the natural ﬁbres and the
developed reinforced cork polymer composites fracture surface
were examined using a NanoSEM 200 FEI (The Netherlands) scan-
ning electron microscope (SEM). Before being analysed all the sam-
ples were coated by ion sputtering with an Au/Pd alloy (80–
20 wt.%) in a high resolution sputter coater of Cressington 208HR
(Watford, UK).
2.6. Mechanical properties of composites
2.6.1. Tensile tests
The tensile properties of the developed cork based composites
reinforced with sisal ﬁbres were determined in the same machine
according the standard ISO 527-2. The tensile bars had a neck
cross-section area of 3  4 mm2 and a neck length of 20 mm. The
tensile force was taken as the maximum force in the force defor-
mation curve. Tensile modulus was estimated from the initial slope
of the stress–strain curve (between 0.05% and 1% strain) using the
linear regression method. Samples were conditioned at room tem-
perature for at least 48 h before testing. A crosshead speed of
5 mmmin1 was used up to a strain at break. The average and
standard deviations were determined using eight specimens per
condition.
2.6.2. Flexural tests
Three point static ﬂexural tests were carried out in accordance
with standard ISO 178. The dimensions of the specimens used were
132 mm length, 13 mm width and 6 mm depth. The load was
placed midway between the supports with a span (L) of 80 mm.
The crosshead speed was 2.56 mm/min. The tested specimens
were performed in an Instron 4505 Universal Machine (USA)
equipped with a 1 kN cell load. For each condition, the specimens
were loaded until the core break. The average and standard devia-
tions were determined using 7 specimens.
2.7. Statistical analysis
The values obtained by tensile and ﬂexural tests were analysed
by the normality of the distribution of the mechanical results was
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bution at p < 0.05. The means were compared using a Two-Sample
t-Test or the non-parametric Kolmogorov–Smirnov (K–S) test and
differences were considered signiﬁcantly different at p < 0.05 ().
Additionally and in order to predict the failure probability of the
developed hybrid cork composites the values obtained from the
tensile tests were statistically analysed by using the two-parame-
ter Weibull model, where the cumulative distribution function is
given by [29]:
FðxÞ ¼ 1 exp xa½ 
b
; for x > 0 ð2Þ
where F(x) is the probability of failure of a composite material sub-
jected to a stress level x. In Eq. (2), a and b are two constants to be
determined, known as the ‘‘scale parameter’’ or ‘‘characteristic
strength’’ and the ‘‘shaper parameter’’, respectively. Finally the Kol-
mogorov–Smirnov test was employed to evaluate the goodness-of-
ﬁt to the data points.
3. Results and discussion
3.1. Sisal ﬁbre properties
3.1.1. Chemical characterization
Natural ﬁbres are chemically treated to remove lignin, pectin
and waxy substances covering the external surface of the ﬁbre cell
wall [30]. The chemical composition change at the sisal ﬁbre sur-
face structure by the chemical treatment was characterized using
ATR-FTIR spectroscopy. Fig. 2 shows the spectra region between
800 and 2000 cm1 relative to unmodiﬁed ﬁbre (Sisal), alkali treat-
ment (Sisal_NaOH) which revealed that some changes did occur. In
agreement with other previous works, the signiﬁcant weight loss
of sisal ﬁbre after alkali treatment (see Table 3) can be attributed
to the partial dissolution of hemicellulose [31], lignin and pectin
[11]. The FTIR spectra conﬁrm the disappearance of the carbonyl
band (between 1660 and 1760 cm1), when the ﬁbre was treated
with NaOH. It was also reported before that alkali treatment re-
duces hydrogen bonding due to removal of the hydroxyl groups
by reacting with sodium hydroxide [30]. The slightly diminished
intensity of around 1610 cm1 for the treated ﬁbres could be
attributed to the removal of some aromatic lignin-like impurities
[31].Fig. 2. ATR-FTIR spectra of unmodiﬁed sisal ﬁbre and sisal with alkali treatment
(Sisal NaOH).3.1.2. Crystallinity
The result of X-ray diffraction present in Fig. 3 reﬂects the inﬂu-
ence of the surface treatment on the sisal ﬁbres between the amor-
phous and crystalline regions. The spectra were almost similar;
however, alkali-treated ﬁbre peaks were more intense than un-
treated sisal peaks, which mean that the chemical treatment was
able to remove part of the amorphous material covering the ﬁbre,
thus exposing the cellulose. Table 3 shows that a small increase on
the cellulose crystallinity (%Cr) occurred when the sisal ﬁbre was
submitted to chemical treatment. The untreated sisal ﬁbre has a
%Cr of 24.1% that increases to 29.6% after chemical modiﬁcation
with NaOH. When the sisal ﬁbre receives the alkali solution chem-
ical treatment, the crystalline fraction of cellulose increased due to
the partial elimination of lignin during alkaline treatment, losing
part of its amorphous component [11]. This result is in accordance
with the FTIR analysis. In the literature it is also indicated that
thermal treatments on sisal ﬁbres does not change signiﬁcantly
the chemical composition for temperatures below 200 C and in-
creases the degree of crystallinity [32], therefore it is also expected
the occurrence of this phenomenon during the melt based pro-
cesses of extrusion and compression moulding involving the use
of sisal ﬁbres.
3.1.3. Diameter, density and morphology
The ﬁbre diameter variation and its morphology of both sisal ﬁ-
bres are present in Fig. 4 and in Table 3. The Fig. 4 refers to the
diameter variation of the ﬁbres in terms of mean and standard
deviation, where the average ﬁbre diameter decreases slightly with
the surface treatment. Taking in consideration the Gaussian ﬁt
curve obtained from the histograms performed for the sisal ﬁbres
and presented in Fig. 4a), the unmodiﬁed sisal ﬁbre presents a
diameter of [117.3–234.5] lm for a conﬁdence interval of 95%.
The diameter of the Sisal_NaOH ﬁbre presented in Fig. 4c) was
smaller than the unmodiﬁed sisal ranging from [85.3–197.7] lm
due to the alkali chemical treatment. The small increase on density
was observed probably due to increase of the crystallinity after
chemical treatment. In terms of morphology, the sisal ﬁbre
(Fig. 4b) consists of aligned ﬁbrils with materials cementing the ﬁ-
bres together. After the chemical treatment a small reduction on
the cell wall and ﬁbre diameter (see Fig. 4d) was noticed. The alkali
treatment leads to ﬁbrillation of the ﬁbre bundle into smaller ﬁ-
bres, reducing the diameter and increases the roughness [10]. After
chemical treatment of the ﬁbres, seems to be cleaner when com-
pared with the unmodiﬁed sisal ﬁbres.
3.1.4. Thermal degradation
The TGA and DTG (ﬁrst derivative of the TGA) curves of sisal ﬁ-
bres with and without chemical modiﬁcation under nitrogen atmo-
sphere are presented in Fig. 5a and b respectively. The TGA of the
sisal ﬁbre shows a two-step degradation process with a initial tran-
sition around 100 C is due to moisture evaporation. Cellulose is
the main constituent of the cell wall of several lignocellulosic ﬁbres
such as wood and sisal. It is established in wood that the cellulose
contains numerous hydroxyl groups that are strongly hydrophilicTable 3
Physical and crystallinity properties of the sisal ﬁbres.
Fibre Degree of
crystallinity of
cellulose (%)
Weight loss
after
treatment (%)
Density (kg/
m3)
Diameter*
(lm)
l r
Sisal 24.1 – 770.0 ± 62.2 175.9 ± 29.3
Sisal_NaOH 29.6 14.2 840.9 ± 96.8 141.5 ± 28.1
* Values obtained using the Gauss ﬁt curve with n = 150 measurements for each
condition.
Fig. 3. X-ray diffraction spectra of sisal untreated and alkali treated sisal ﬁbres.
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tent in the ﬁbres after alkali treatment that induces the hydropho-
bicity of the ﬁbre. The onset degradation temperature of the alkali
treated ﬁbre is very similar to the untreated sisal ﬁbre. With the
TGA was possible to conﬁrm that the chemical modiﬁcation does
not induce a negative effect on the thermal resistance of the ﬁbres.
Fig. 5b presents the derivative curve and was noticed in the ﬁbreFig. 4. Histogram of the sisal single ﬁbres diameter with the gaussian ﬁt and its morph
treatment.with alkali treatment the disappearing of the shoulder around
296–298 C that is attributed to the removal the hemicellulose
[34], while lignin decomposition extended to the whole range from
200 C until 700 C, due to different activities of the chemical
bonds present on its structure [11,35]. The more intense degrada-
tion peak around 351–364 C presented in both ﬁbres could derive
from the degradation of cellulosic components present on the sisal
ﬁbres. In terms of residual mass at 595 C the sisal ﬁbre presents
19.8% comparing with 24.2% for the alkali sisal treatment.
3.1.5. Mechanical properties of sisal ﬁbres
The tensile properties of the single sisal ﬁbre before and after
chemical treatment are presented in Table 4. It is clear the higher
tensile properties of the sisal ﬁbre comparing to the thermoplastic
polymers such polyethylene and polypropylene. Comparing the
properties between the different ﬁbres the mean values of maxi-
mum strength of the unmodiﬁed sisal is higher compared with
the modiﬁed ﬁbres. This may be related with the alkali chemical
treatment that promoted the reduction of the ﬁbre thickness and
some removing of the hemicelluloses and lignin as discussed in
the chemical characterization, promoting a more intense yellow
colour to the sisal ﬁbre. The obtained high standard deviations val-
ues on the tensile test are in part related with the variation in the
ﬁbre diameter of the selected natural ﬁbres.ology (SEM micrographs) for: (a and b) sisal ﬁbre; (c and d) sisal ﬁbre with alkali
Fig. 5. TGA curves of untreated and treated sisal ﬁbres (a) and respective derivative
curves (b).
Table 4
Mechanical properties of the single sisal ﬁbres after uniaxial tensile tests.
Fibre Tensile
modulus (GPa)
Tensile maximum
strength (MPa)
Maximum
deformation (%)
Sisal 12.93 ± 1.60 372.65 ± 125.86 3.05 ± 0.56
Sisal_NaOH 12.47 ± 1.42 298.35 ± 48.88 3.04 ± 0.50
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The properties of short ﬁbre polymer composites are strongly
dependent on the ﬁbre volume fraction and on the orientation dis-
tribution. The fracture morphology of the cork based composites
after tensile tests, obtained by scanning electron microscopy is pre-
sented in Fig. 6. In the micrographs of Fig. 6a and b it is possible to
observe the good adhesion between the cork and the polymeric
matrix promoted by the use of the coupling agent. When the sisal
ﬁbres are added to the cork–polymer without the use of coupling
agent (Fig. 6c and d), the fracture reveal voids from the pull-out
of the sisal ﬁbre indicating lower adhesion between the sisal ﬁbres
to the matrix. Additionally and at high magniﬁcation it was also
observed the polymeric phase presents some stretching as com-
pared with the previous composite CPC 2. Similar observation after
mechanical tests was registered in a previous work using cork
based composites obtained by pultrusion (pellets) follow by com-
pression moulding [16]. Regarding the ﬁbres with the alkali treat-
ment we clearly observe at high magniﬁcation (Fig. 6f) particles ofcork that are in contact along to the sisal ﬁbre and there is a good
linkage between the ﬁbres and the matrix. The improvement of the
adhesion was obtained by the combine effect of the low amount of
coupling agent 2 wt.% and the chemical modiﬁcation of the sisal
ﬁbres.
3.3. Mechanical properties of composites
3.3.1. Tensile tests
Tensile tests were performed in order to evaluate the mechan-
ical performance of the novel hybrid cork composites. Fig. 7 sum-
marizes the obtained properties, in terms of tensile modulus and
maximum strength for the composites with polyethylene matrix.
The statistical signiﬁcance between samples with and without sisal
ﬁbre reinforcement was compared, being CPC 2 the cork–polymer
composite reinforced with 2 wt.% of coupling agent. Considering
the data of Fig. 7, it is clear the effect of the coupling agent on
the increase in terms of tensile strength (16.8%) for the composites
CPC 1 and CPC 2 containing polymer and cork as main constituents.
This result it is in agreement with a previous study [17] when it
was used 50 wt.% of cork powder from different industrial pro-
cesses by pultrusion and compression moulding on the develop-
ment of composites. The addition of 10 wt.% of unmodiﬁed sisal
ﬁbre (CPC 3), leads to a signiﬁcant reinforcement in terms of mod-
ulus of 23%. Additionally, the sisal ﬁbres and the cork act as ﬁller
since it reduces the strength due to the increase of the natural
component on the hybrid composite. CPC 4 presents the same
composition as CPC 3 where the difference was the two extrusion
step process to produce the composite pellets. The cork–polymer
were ﬁrst compounded into composite pellets and then short sisal
ﬁbres were added in the cork–polymer composite pellets, to pro-
duce the hybrid reinforced composite. We observed that no
improvements were noticed when we used a two-step extrusion
process to produce the same hybrid composites. CPC 5 and CPC 6
are similar in terms of composition (see Table 2), where the impor-
tant difference was the ﬁbre treatment. Regarding the CPC 5 we
can observe that the addition of 10 wt.% of sisal ﬁbres in the pres-
ence of coupling agent 2 wt.% improved signiﬁcantly both stiffness
in 22% and the tensile strength in 28% of the hybrid composite. The
improvement on the tensile properties was even higher by using
the alkali treated sisal ﬁbres, being 29% and 49% respectively due
to the chemical surface modiﬁcation and increase of surface rough-
ness. Comparing with the polyethylene matrix, the developed hy-
brid cork based composites presents similar modulus values but
a reduced strength performance. In the literature it is pointed that
the use of coupling agents based on maleic anhydride (MA) in-
creases the tensile strength of the composites due to the esteriﬁca-
tion reaction between sisal ﬁbre hydroxyl groups and anhydride
part which causes a reduction in interfacial tension and an increase
in interfacial adhesion between thermoplastic and the ﬁbre [36].
Similar hydroxyl groups are present in the chemical composition
of cork and sisal ﬁbres. The combined effect of the sisal ﬁbre treat-
ment with the presence of coupling agent based on MA for effec-
tive stress transfer across the interface enhances the adhesion
between the interphases and consequently reinforces the tensile
properties of the hybrid cork–polymer composites.
3.3.2. Flexural tests
Fig. 8 displays representative stress–strain curves of the poly-
ethylene matrix and the prepared cork composites with and with-
out the reinforcement of sisal ﬁbres after a three-point bending
test. Fig. 9 presents the corresponding ﬂexural modulus and the
maximum strength mean values with the respective standard devi-
ation for comparison. Similar to the tensile behaviour results of the
composites, the addition of 10 wt.% of sisal ﬁbre without coupling
agent (CPC 3) improves the stiffness; however it reduces signiﬁ-
Fig. 6. Fracture morphology at two different magniﬁcations of the hybrid composite materials after tensile tests.
Fig. 7. Mechanical properties of the reinforced cork–polymer composites with sisal ﬁbres, when submitted to uniaxial tensile load. () Signiﬁcant at 0.05; ns: non-signiﬁcant
at 0.05.
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Fig. 8. Representative ﬂexural stress–strain curves of the developed cork–polymer
composites (40–60 wt.%) reinforced, or not, with sisal ﬁbres.
Fig. 10. Tensile strength of the cork–polymer composites reinforced with sisal ﬁbre.
Lines show Weibull distribution with parameters values shown in Table 4.
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break as showing in Fig 8. The addition of coupling agent promotes
mainly the ﬂexural strength and the elongation at break (CPC 5).
After chemical modiﬁcation the resulting sisal ﬁbres present a
rough surface topography, with removal of surface impurities
and removal of hydrophilic hydroxyl groups [30] improving the
afﬁnity with the thermoplastic matrix. The combined effect of
the chemical modiﬁcation of sisal and the use of 2 wt.% of coupling
agent (CPC 6) result in hybrid composites with enhanced ﬂexural
performance. Comparing with the unreinforced composite CPC 1,
it has higher stiffness 33%, higher ﬂexural strength 98% and higher
elongation at break due to the improvement on the interfacial
adhesion between the matrix and the natural component.
Additionally, it was possible to reinforce the high density poly-
ethylene matrix in terms of modulus (16%) and strength (11%) at
ﬂexural load mainly after the sisal ﬁbres alkali treated. In the liter-
ature it was found that the sisal ﬁbre after alkali modiﬁcation im-
proves the dispersion of the ﬁbres but not their adhesion to the
polymer matrix, due to a higher availability of OH groups in the
particles surface [37]. Alkali treatment may leads to ﬁbre ﬁbrilla-
tion i.e. breaking down of ﬁbre bundles into smaller ﬁbres; which
increases the surface area available for contact with the matrix
[32]. The treatment is in accordance with the morphology results
obtained, leading to a considerable enhancement on the mechani-Fig. 9. Flexural properties of the developed cork–polymer composites (40–60%) reinforccal properties. Higher improvements might be achieved by using
higher amount of the natural ﬁbre based in the presence of cou-
pling agent. However, the high increase of the viscosity will make
difﬁcult the melt based processes of formulations riches in natural
materials based on ﬁbres and particles.
3.4. Weibull statistical analysis
Tensile strength life distribution diagrams have been obtained
by using the cumulative Weibull distribution function (Eq. (2))
for cork–polymer composite reinforced with sisal ﬁbres. Fig. 10
presents the reliability probability of survival (F) and can be found
easily corresponding to any stress value from the diagram. The
Weibull ﬁt method was used to modelling the failure data of the
hybrid composites when submitted to tensile load and compare
the increase on the strength promoted by the sisal chemical mod-
iﬁcation. A very good agreement between the estimated strengths
and experimental values is evident in Table 5, conﬁrming the efﬁ-
ciency of the Weibull distribution in prediction the tensile strength
failure properties of the developed hybrid composites. The tested
composites present strength higher than 12.65 MPa see Fig. 10.
Comparing the estimated strength or probability of failure at 95%
of conﬁdence present in Table 5 for the cork–polymer composites
(40–60) wt.%, the use of coupling agent improved in 20% the
strength of the composite. The addition of the untreated sisal ﬁbres
with coupling agent (CPC 5) presents a higher improvement of 34%
comparing with CPC 1 and an increase of 12% comparing with the
CPC 2. The best results were obtained with sisal treated ﬁbres,ed, or not, with sisal ﬁbres. ( and #) Signiﬁcant at 0.05; ns: non-signiﬁcant at 0.05.
Table 5
Weibull distribution parameters, estimated tensile strength for the composites at 95% and 99% of conﬁdence, obtained experimental results and KS goodness-of-ﬁt-test.
Composite Distribution parameters Estimate strength (MPa) Experimental value (MPa) K–S test
a b p < 0.05 p < 0.001 Max. strength Dn Dnc
CPC 1 13.81 17.49 13.0 12.6 14.04 ± 0.87 0.17 0.358
CPC 2 16.19 29.60 15.6 15.4 16.41 ± 0.64 0.23 0.358
CPC 5 17.96 36.97 17.4 17.2 18.03 ± 0.58 0.23 0.358
CPC 6 21.05 26.76 20.2 19.8 20.92 ± 0.91 0.19 0.358
± Standard deviation values.
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crease of 55% and 30% comparing with the CPC 1 and CPC 2, respec-
tively. Several methods, such as Chi-square, the Anderson–Darling
test, allows to determine the goodness of ﬁt of a probability distri-
bution to a set of data [24,38]. In this study, the goodness-of-ﬁt test
was carried out by using the Kolmogorov–Smirnov (K–S) test that
is used for statistical analysis of composites. The procedure was
partially adapted from [39]:
(1) Since the K–S is a distance test, it was determined the max-
imum deviation (Dn) from D + = Fn  F0 and D - = F0  Fn1.
Being Fn the cumulative observed values and F0 the Weibull
cumulative distribution function present in the Eq. (2).
(2) K–S tables of critical values (CV) are valid when the distribu-
tion parameters are known. Since the distribution parame-
ters were estimated from the experimental data the CV
will be 4  a value [24], i.e. for a signiﬁcance level of
a = 0.05 that means a0 = 0.20. For n = 8 and a signiﬁcance
level of a = 0.05, the Dnc = 0.358.
(3) If Dn < Dnc, the null hypothesis that the observed data follow
the Weibull distribution is accepted.
The Weibull parameters and K–S goodness-of-ﬁt test are listed
in Table 5. The K–S statistic Dn values presented in Table 5 and
obtained after the test are between 0.17 and 0.23, indicating that
the tensile strength of the developed hybrid composites is
strongly explained by the Weibull cumulative distribution be-
cause it departs signiﬁcantly from the value of signiﬁcance level
a = 0.05 and a sample size of n = 8 for which the K–S of ﬁt test
was performed.
4. Conclusions
Cork–polymer composites (CPC) reinforced with sisal discontin-
uous ﬁbres has shown to be a viable strategy to obtaining struc-
tural materials with improved mechanical performances in terms
of tensile and ﬂexural properties. The improvement on the
mechanical properties was effective when a 2 wt.% of coupling
agent based on maleic anhydride (MA) was used, since the
mechanical properties increased in terms of stiffness, strength
and elongation at break. The improvement of the interfacial adhe-
sion between the matrix, the cork and sisal ﬁbres was also con-
ﬁrmed by the fracture morphology. In terms of processing to
obtain the hybrid CPC pellets, there is no advantage in the use of
two melt extrusion steps and add the sisal ﬁbres only in the second
step. This study demonstrates that the mechanical properties of
CPC can be improved by: (1) the addition of a 2 wt.% of the cou-
pling agent based on MA; (2) the sisal ﬁbres addition (10 wt.%)
without the use of a coupling agent, resulting in a hybrid CPC with
similar modulus properties and with lower thermoplastic content
and (3) by the combined effect of the addition of alkali treated sisal
ﬁbres with the use of the coupling agent resulting in composites
with considerably higher mechanical properties. Under ﬂexural
load and using alkali treated sisal ﬁbres with coupling agent inthe new composites an increase of 33% in modulus and an increase
of 98% in strength were obtained when compared with unrein-
forced cork composites. Comparing the improved mechanical
properties of the hybrid CPC with the polyethylene matrix, it was
possible to reinforce the matrix in terms of stiffness and strength
at ﬂexural load manly after the sisal ﬁbres alkali treatment. In
terms of tensile strength, they present similar stiffness and lower
strength when compared to the polyethylene matrix. The Weibull
diagram was used to reliably identify the composites safety limits.
The tensile strength of the hybrid reinforced CPC was found to be
in agreement with the Weibull cumulative distribution, which
can be used to accurately predict the mechanical performances
in terms of strength of the developed hybrid cork composite
materials.
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